Polycyclic Aromatic Hydrocarbons (PAHs) and n-alkanes in particulate matter with an aerodynamic diameter of 2.5 micrometers or less (PM2.5) were quantified at Seoul, Korea in 2018. The seasonal differences in the total concentration of PAHs and n-Alkanes were clear, where winter showed a higher concentration than that of summer. Compared to the PAHs measurements in 2002 at Seoul, the sum of PAHs concentrations in 2018 were reduced from 26.6 to 5.6 ng m −3 . Major sources of the observed PAHs and n-alkanes were deduced from various indicators such as diagnostic ratios for PAHs and Cmax, CPI, and WNA (%) indices for n-alkanes. It was found that in winter coal and biomass combustions, and vehicular exhaust were major sources, while, in summer vehicular exhaust was major source. In addition, in winter, major emission sources were located outside of Seoul. The health effect from the recent level of PAHs was estimated and compared to the previous studies observed in Seoul, and it was found that, recently, the toxicity of PAHs in PM 2.5 was significantly decreased, except for in the winter.
Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are carbon-structured organic compounds that consist of two or more benzene rings. They are not emitted as a single species, but as a mixture, and their sources are incomplete combustion of fossil fuels such as vehicle emissions, coal combustion, and biomass burning [1, 2] . PAHs are significant indicators relating to the adverse health effects of particulate matters (PMs) due to their carcinogenic properties. The United States Environmental Protection Agency (EPA) has listed 16 PAHs as priority pollutants that adversely affect human health; therefore, the control of PAH sources is important to reduce the adverse health effects of PM. The European Union (EU) has also established a health-based standard for PAHs which targets PAHs concentration in ambient air to 1 ng m −3 , expressed as concentration of Benzo[a]pyrene (BaP) [3] . China has a standard for Toxic Equivalent Quotient (TEQ) of BaP, whereby it must be controlled to 2.5 ng m −3 daily and an annual average to 1 ng m −3 [4] . However, an established standard for PAHs in South Korea has not been developed.
n-Alkanes are also carbon-structured organic compounds like PAHs, but they are linear carbohydrates which have both anthropogenic and biogenic sources. Fossil fuel combustion and biomass burning are the main contributors to anthropogenic n-alkane sources, and plant wax emission, pollen, and microorganisms largely contribute to biogenic n-alkane sources [5] [6] [7] [8] [9] .
Materials and Methods

Sampling
Samples were collected from the rooftop of Korea Environmental and Technology Institute (37° 61′ N, 126° 93′E) located in Seoul, South Korea. The sampling site was adjacent to a road in the south, a residential area in the north, and Mt. Bukhansan in the northeast. Figure 1 is a map of the sampling site. The sampling period was from January 15 th 2018 to December 8th 2018, and at least 23 samples were collected for each season. Detailed information on the number of samples and meteorological parames during the sampling period are given in Table 1 . Average radiation, temperature and relative humidity (RH) was at maximum in summer. Radiation for winter and fall was similar, howeve,r average temperature for winter (−4.7 ± 6.1°C ) was below the freezing point. RH increases from winter to summer. Samples were collected on pre-baked (at 550 °C for 12 h) quartz filters (QFFs, Pall, Tissuequartz-2500QAT-UP, 8 × 10in) with PM2.5 high volume samplers (SIBATA, HV-RW and Tisch 6070V-2.5). Samplers were operated at a flow rate of 1000 L min -1 for 23 h for each sample. 
Analytical Procedure
A quarter of QFFs were used for each sample extraction. For PAH and n-alkane quantification, internal standardization was applied. The surrogate standards for PAHs were phenanthrene-d10, fluoranthene d-10, chrysene-d12, perylene-d12, and benzo[ghi]perylene-d12, and for n-alkanes, three surrogate standards (C24-d50, C30-d62, and C36-d74) were used. The mixture of the surrogate standards was added to the filters and placed in a 125 mL amber vial. Particulate PAHs and n-alkanes were then extracted by ultrasonication with DCAM/MeOH (3:1, v/v) solvent twice for 30 min. Then, solvents were evaporated with an evaporator (TurboVaP Ⅱ, Caliper) at 40 °C until the total volume The sampling period was from January 15th 2018 to December 8th 2018, and at least 23 samples were collected for each season. Detailed information on the number of samples and meteorological parames during the sampling period are given in Table 1 . Average radiation, temperature and relative humidity (RH) was at maximum in summer. Radiation for winter and fall was similar, however, average temperature for winter (−4.7 ± 6.1 • C) was below the freezing point. RH increases from winter to summer. Samples were collected on pre-baked (at 550 • C for 12 h) quartz filters (QFFs, Pall, Tissuequartz-2500QAT-UP, 8 × 10in) with PM 2.5 high volume samplers (SIBATA, HV-RW and Tisch 6070V-2.5). Samplers were operated at a flow rate of 1000 L min −1 for 23 h for each sample. 
A quarter of QFFs were used for each sample extraction. For PAH and n-alkane quantification, internal standardization was applied. The surrogate standards for PAHs were phenanthrene-d10, fluoranthene d-10, chrysene-d12, perylene-d12, and benzo[ghi]perylene-d12, and for n-alkanes, three surrogate standards (C24-d50, C30-d62, and C36-d74) were used. The mixture of the surrogate standards was added to the filters and placed in a 125 mL amber vial. Particulate PAHs and n-alkanes were then extracted by ultrasonication with DCAM/MeOH (3:1, v/v) solvent twice for 30 min. Then, solvents were evaporated with an evaporator (TurboVaP II, Caliper) at 40 • C until the total volume of the extracts reached 10 mL. The extracts were filtrated with 0.45 µm pore size filters (Acrodisc 25mm Syringe Filter, Pall), then concentrated to 500 µL at 40°C with gentle N 2 gas stream using a needle concentrator (#TS-18821, Reacti-therm). In this study, 14 PAH compounds and 17 n-alkanes were identified using an Agilent 7890B gas chromatograph (GC) with DB-5MS ultra inert column (30 m × 0.25 mm, 0.25 µm thickness, Agilent ® J&W™) and quantified with a 5977A mass spectrometer (MS) in synchronous selected ion monitoring (SIM)/scan mode. Helium of 99.999% purity was used as a carrier gas at a flow rate of 1mL min-1 in a GC-MS. A 1µL sample was injected in splitless mode at 240 • C. Mass spectrometry was operated in electron impact (EI) mode at 70 eV at a source temperature of 230 • C.
The quantified compounds and their abbreviations are stated in Table 2 . The extraction recovery for PAHs was in the acceptable range from 83% to 115%, except Cor. The recovery of n-Alkanes was in the acceptable range from 75% to 129%, except C20. Due to the lowest and highest volatiles of Cor in PAHs and C20 in n-Alkanes, the recovery of Cor and C20 was not stable ( Table 2 ). 
Results
The Concentrations of PAHs and n-Alkanes in PM2.5
The annual and seasonal concentrations of total PAHs and n-alkanes are shown in Table 3 . Total PAH and n-alkane concentrations for the whole sampling period were 5.6 ± 7.9 ng m −3 and 17.1 ± 13.1 ng m −3 , respectively. n-Alkane concentration was several folds higher than that of PAHs during the whole period. The winter season recorded the highest average concentration for both compounds (PAHs 16.1 ± 10.01 ng m −3 ; n-alkanes 28.4 ± 16.4 ng m −3 ) and the lowest concentration in the summer season for both compounds (PAHs 0.8 ± 0.5 ng m −3 ; n-alkanes 6.4 ± 2.5 ng m −3 ). The average concentration of PAHs for fall (3.8 ± 2.8 ng m −3 ) was higher than for spring (1.8 ± 12 ng m −3 ), while n-alkanes for spring (16.4 ± 12.5 ng m −3 ) and fall (16.3 ± 7.1 ng m −3 ) did not significantly differ from each other. Table 4 , which is an indicator of incomplete combustion. Organic Carbon (OC) and EC measurement have been carried out since 2013 at the same sampling site of this study, operated by the Korean National Institute of Environmental Research (NIER) as one of the intensive measurement networks of the NIER. EC concentration has shown a decreasing tendency since 2013, while, OC concentration has not been changed. Compared to the EC concentration in 2013, the EC concentration in 2018 is about half, suggesting higher combustion efficiency of fossil fuel emission sources. In addition, the OC/EC ratios which is one of indicator of secondary formation of OC in PM2.5 has been doubled from 2013 to 2018. It can be explained by an increase in secondary formation or a decreased of primary emission. The consistency of OC concentration with the increasing OC/EC ratios is primarily due to the effect of the decrease of EC concentration. Therefore, the tendency of EC concentration with OC/EC ratio can be one of evidence for the decrease of organic PM in combustion sources. Also, increase of clean fuel usage instead of coal fuel according to the policy of air quality management in Korea is one of possible reason to reduce PAHs concentration at Seoul, Korea. Another possibility is the decrease of PAH concentrations outside of Seoul, including China. Indeed, the recent PAH concentrations in PM measured in China has decreased significantly in recent years [33] (Tables 3 and 4 ). Table 5 shows the correlation between PAH and n-alkane concentrations for each season. For the whole period, it shows a strong correlation (R > 0.73). Winter samples show the best correlation (R = 0.80), and summer, the weakest correlation (R = 0.30), suggesting that in winter, PAHs and n-alkanes have similar emission sources compared to summer (Table 5 ). 
Seasonal Characteristics of PAHs and n-Alkanes
PAH Seasonal Characteristics
PAHs are classified by rings, as shown in Figure 2 . Only the benzene rings are counted as "rings"; the other cyclic carbon frames are considered "0.5 rings". Figure 2 is the seasonal averaged ratio of 3-7-ringed PAHs. The composition of PAHs by number of benzene rings shows a seasonal difference. The ratio of PAHs with three benzene rings tends to decrease toward summer, while PAHs with four and six benzene rings show the opposite trend. Since the combustion emission source of LMW-PAHs is coal and biomass combustion and HMW-PAHs Vehicle, the summer is more affected by vehicular emissions and less by solid fuel combustion. Also, this tendency is due to the semi-volatile characteristics of 3 and 4 benzene rings of PAHs in the ambient air. (Figure 2 ). 
PAHs are classified by rings, as shown in Figure 2 . Only the benzene rings are counted as "rings"; the other cyclic carbon frames are considered "0.5 rings". Figure 2 is the seasonal averaged ratio of 3-7-ringed PAHs. The composition of PAHs by number of benzene rings shows a seasonal difference. The ratio of PAHs with three benzene rings tends to decrease toward summer, while PAHs with four and six benzene rings show the opposite trend. Since the combustion emission source of LMW-PAHs is coal and biomass combustion and HMW-PAHs Vehicle, the summer is more affected by vehicular emissions and less by solid fuel combustion. Also, this tendency is due to the semi-volatile characteristics of 3 and 4 benzene rings of PAHs in the ambient air. (Figure 2 ). The five diagnostics ratios (DRs) used in this study to estimate the source characteristics of PAHs are shown in Table 6 . Four of them-IcdP/IcdP+BghiP [34, 35] , Fl/Fl + Py [35] [36] [37] , BaP/BghiP [38, 39] , BaA/BaA + Chr [37] -were used to separate coal and biomass combustion and vehicular emissions. (Table 6 )As seen in Table 6 , separation of coal and biomass combustion is limited using DR of specific PAH compounds due to overlapping DR of biomass burning and coal combustion. So, in this study, the emission sources of PAHs can be only separated into solid fuel combustion, which includes both of coal and biomass combustion with vehicular exhaust emission. The five diagnostics ratios (DRs) used in this study to estimate the source characteristics of PAHs are shown in Table 6 . Four of them-IcdP/IcdP+BghiP [34, 35] , Fl/Fl + Py [35] [36] [37] , BaP/BghiP [38, 39] , BaA/BaA + Chr [37] -were used to separate coal and biomass combustion and vehicular emissions ( Table 6 ). As seen in Table 6 , separation of coal and biomass combustion is limited using DR of specific PAH compounds due to overlapping DR of biomass burning and coal combustion. So, in this study, the emission sources of PAHs can be only separated into solid fuel combustion, which includes both of coal and biomass combustion with vehicular exhaust emission. [40] Aging Particle <0.5 [40] Figure 3a-e shows seasonal box plots of PAH DRs. There is a clear distinction between winter and summer season PAH emission sources, where winter PAH sources are a mixture of of solid fuel (coal + biomass) combustion and vehicular emissions, and summer is more affected with vehicular emissions.
Particle aging was evaluated with the remaining ratio BaP/BaP+BeP [40] , shown in Figure 3e . The higher intensity of the photochemical reactions in summer shows well the aged characteristics of the sampled PM. However, particle aging can also be observed in other seasons, including winter, a season that provides the least factors for atmospheric reactions, implying the possibility for PAH transport from outside of Seoul ( Figure 3 ). 
n-Alkane Seasonal Characteristics
Shorter chained n-alkanes (C ≤ 25) are a known source of fossil fuel combustion. Plant wax emissions contribute to longer chained n-alkanes (C > 25) with odd number carbons [28, [41] [42] [43] [44] [45] . Figure 4a -d shows figures of averaged seasonal concentrations of n-alkanes. In order to compare the distribution of n-alkane concentrations by carbon number, the scale of the y axis for each figure was applied differently. The ratio of carbon chains shorter than C25 was higher in the winter compared to the other seasons, while the odd chained carbons longer than C25 gain importance from winter to summer (Figure 4) . 
Shorter chained n-alkanes (C 25) are a known source of fossil fuel combustion. Plant wax emissions contribute to longer chained n-alkanes (C 25) with odd number carbons [28, [41] [42] [43] [44] [45] . Figure 4a-d shows figures of averaged seasonal concentrations of n-alkanes. In order to compare the distribution of n-alkane concentrations by carbon number, the scale of the y axis for each figure was applied differently. The ratio of carbon chains shorter than C25 was higher in the winter compared to the other seasons, while the odd chained carbons longer than C25 gain importance from winter to summer (Figure 4 ). Figure 5 shows the correlation between CPI value and WNA. The correlation value was calculated as R = 0.69, a moderate correlation (0.5 < R < 0.7), meaning CPI and WNA are a good index for source contribution evaluation [46] [47] [48] [49] . In Table 7 , the calculated seasonal average CPI values range from 1.43 to 1.97. From winter to fall, CPI is closest to 1 in the winter and spring and increases onwards. WNA increases up to the summer season, then drops in fall. In addition, C27, C29, and C31 n-alkanes peak in all seasons. All of the information suggests that the entire sampling period was affected by plant wax sources, which was more significant in the warmer seasons such as summer, and the anthropogenic combustion sources dominated n-alkane production, especially in the winter compared to the other sampling periods ( Figure 5 ) (Table 7 ). Figure 5 shows the correlation between CPI value and WNA. The correlation value was calculated as R = 0.69, a moderate correlation (0.5 < R < 0.7), meaning CPI and WNA are a good index for source contribution evaluation [46] [47] [48] [49] . In Table 7 , the calculated seasonal average CPI values range from 1.43 to 1.97. From winter to fall, CPI is closest to 1 in the winter and spring and increases onwards. WNA increases up to the summer season, then drops in fall. In addition, C27, C29, and C31 n-alkanes peak in all seasons. All of the information suggests that the entire sampling period was affected by plant wax sources, which was more significant in the warmer seasons such as summer, and the anthropogenic combustion sources dominated n-alkane production, especially in the winter compared to the other sampling periods ( Figure 5 ) (Table 7) . Figure 5 shows the correlation between CPI value and WNA. The correlation value was calculated as R = 0.69, a moderate correlation (0.5 < R < 0.7), meaning CPI and WNA are a good index for source contribution evaluation [46] [47] [48] [49] . In Table 7 , the calculated seasonal average CPI values range from 1.43 to 1.97. From winter to fall, CPI is closest to 1 in the winter and spring and increases onwards. WNA increases up to the summer season, then drops in fall. In addition, C27, C29, and C31 n-alkanes peak in all seasons. All of the information suggests that the entire sampling period was affected by plant wax sources, which was more significant in the warmer seasons such as summer, and the anthropogenic combustion sources dominated n-alkane production, especially in the winter compared to the other sampling periods ( Figure 5 ) (Table 7 ). 
PCA Analysis
PCA was performed to group measured species with common variances, i.e., principal components. Normally, the first principal component would represent the highest variance, followed by the second and third, and so on. Species showing higher values for each factor were considered to share an origin. For PCA, the concentration of 14 PAH and 16 n-alkane compounds were applied as variables into the SPSS 18.0 statistical software [50] for 108 total PM 2.5 samples. Varimax rotation was used to get as many positive loadings as possible to achieve a more meaningful and interpretable solution for air pollutants data suggested from previous studies [31, 32] . N-alkanes were accounted into two groups: low ( C20-C25) and high ( C26-C36) molecular weight (MW) to characterize fossil fuel combustion and biogenic emission, respectively. For 14 PAHs, each ring-group of PAHs were used as indicator to distinguish the combustion sources of solid fuel (coal + biomass) and liquid fuel (vehicular emission). Combustion of solid fuels such as coal and biomass mainly emit PAHs that have three and four benzene rings, and liquid fuel combustion such as vehicular emissions is a source for PAHs with five or more benzene ring [18] [19] [20] [21] . Sensitivity analysis by number of variable was conducted in PCA and those results were found to be relatively consistent.
Five factors were extracted as the results of eigenvalue larger than 1. Generally eigenvalue larger than 1 is chosen for valuable components, however, the rapid change of slope were appeared at component 4 from scree plot shown in Figure 6 . Thus, three components were valuable to identify sources of PAHs and n-Alkanes in PM2.5. Indeed, variance for Factors 4 and 5 were 7% and 6%, respectively, which was insignificant compared to Factor 1 (25%), Factor 2 (21%), and Factor 3 (16%). 
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Five factors were extracted as the results of eigenvalue larger than 1. Generally eigenvalue larger than 1 is chosen for valuable components, however, the rapid change of slope were appeared at component 4 from scree plot shown in Figure 6 . Thus, three components were valuable to identify sources of PAHs and n-Alkanes in PM2.5. Indeed, variance for Factors 4 and 5 were 7% and 6%, respectively, which was insignificant compared to Factor 1 (25%), Factor 2 (21%), and Factor 3 (16%). Table 8 shows the results of the PCA analysis for total PM2.5 samples. Three factors are identified and these account for 62.6% of the variability in the data. Factor 1 was explained as a mixture of vehicle emissions and solid fuel combustion, as the significance of both LMW-PAHs (Phe, Ant, Fl) [21] and HMW-PAHs, such as Ind and BghiP [40, 46] with n-alkanes shorter than C25, were grouped together. Contrary to Factor 1, only PAHs with 5~6 rings were highly loaded with shorter chained nalkanes. Thus, Factor 2 was identified as a vehicular source. Vehicular emissions in factor 1 were separated with Factor 2, which might be related to the difference of the origin of the vehicular Table 8 shows the results of the PCA analysis for total PM 2.5 samples. Three factors are identified and these account for 62.6% of the variability in the data. Factor 1 was explained as a mixture of vehicle emissions and solid fuel combustion, as the significance of both LMW-PAHs (Phe, Ant, Fl) [21] and HMW-PAHs, such as Ind and BghiP [40, 46] with n-alkanes shorter than C25, were grouped together. Contrary to Factor 1, only PAHs with 5~6 rings were highly loaded with shorter chained n-alkanes. Thus, Factor 2 was identified as a vehicular source. Vehicular emissions in factor 1 were separated with Factor 2, which might be related to the difference of the origin of the vehicular emissions for Factors 1 and 2. Factor 3 only highlights n-alkanes over C27, which are markers of biogenic sources [28, [41] [42] [43] [44] [45] ( Table 8 ). Figure 7 shows both the loading and score plot of PCA analysis for three factors. Winter and other seasons'(spring, summer, fall) samples were well separated (Figure 7a,b) which indicates different emission sources. The lower right part of the score plot is dominated by winter samples, which is characterized by LMW-PAHs, HMW-PAHs and lower chained n-alkanes in the loading plot (Figure 7b ). Therefore a mixture of solid fuel combustion and vehicle emission is a major influence on winter atmosphere. Fall samples mostly overlapped with spring and summer samples in the lower left corner of the score plot, which implies the samples of these seasons has similar emission source. The overlapped area of the three seasons all included HMW-PAHs (DahA, Cor) and longer chained (C>25) in the loading plot. Thus we can expect that spring, summer and fall were mainly influenced by biogenic emissions and vehicular emission 
Back Trajectory Result
Figure 8a-d shows the seasonal cluster of three day back trajectory performed with HYSLPLIT, and averaged wind speed and direction calculated with WINDROSE. Since wind information at the PM 2.5 sampling site was not measured, data from a meteorological station in Seoul (Station ID: 108, 37 • 34 N, 126 • 57 E) was utilized.
In the HYSLPLIT analysis, five clusters were extracted in the winter season. Along with local wind direction and speed, wind parcels from the Northwest of Korea were dominant. Meanwhile, cluster 1 (24%) and cluster 4 (27%), which was from the East of Korea in summer, took up more than half the fraction of the total cluster. These two clusters might be highly affected by local emission sources. Spring and fall show a pattern mixture of summer and winter. In Spring, 67% of the back trajectory was identified as local emission sources due to air parcels from the East of Korea, and the next abundant cluster, which was from Russia, took up 22% of spring back trajectory. Wind from the west was dominant for local wind direction, but the Northeast frequency increased compared to the previous season. In fall, 20% (Cluster 2) of clusters passed to the east side of the Korean peninsula, local transport, and the rest from the west.
In the HYSLPLIT analysis, five clusters were extracted in the winter season. Along with local wind direction and speed, wind parcels from the Northwest of Korea were dominant. Meanwhile, cluster 1 (24%) and cluster 4 (27%), which was from the East of Korea in summer, took up more than half the fraction of the total cluster. These two clusters might be highly affected by local emission sources. Spring and fall show a pattern mixture of summer and winter. In Spring, 67% of the back trajectory was identified as local emission sources due to air parcels from the East of Korea, and the next abundant cluster, which was from Russia, took up 22% of spring back trajectory. Wind from the west was dominant for local wind direction, but the Northeast frequency increased compared to the previous season. In fall, 20% (Cluster 2) of clusters passed to the east side of the Korean peninsula, local transport, and the rest from the west. Seasonal differences in PAH emission sources were observed in the diagnostic ratios of the previous section, with winter having relatively dominant coal and biomass combustion sources. The back trajectory and local wind direction results of Factor 1 of the PCA analysis, identified as a mix of coal and biomass combustion and vehicular emissions, support PAHs derived from these sources which likely originated from outside of Seoul, especially the northwest region of China. The summer diagnostics ratio and Factor 2 of the PCA analysis from the previous section indicates a dominance of vehicular emissions, and the back trajectory and local wind direction show the locality of PAH source of summer.
Toxic Equivalency Quotient (TEQ) and Mutagenic Equivalency (MEQ) of PAHs in PM2.5
Since some of the PAH compounds are carcinogen, it is important to estimate the health effect from these compounds to the people in Seoul, Korea due to the high population concentrations in this region. There are two types of methods to estimate health effects due to PAH compounds-one is the toxicity equivalency factor (TEF) [51] and the other is the mutagenic equivalency factor (MEF) [52] . The reference compound is BaP, which is known to be the most harmful PAH compound. The TEF reflects for relative potency of individual PAH compounds to BaP, while the MEF assesses mutagenicity of individual PAH compounds relative to BaP, representing the potential risks for noncancerous adverse health effects. BaP-TEQ and BaP-MEQ were calculated by multiplying the concentrations of each compound with its TEF and MEF values, respectively, as shown below. Seasonal differences in PAH emission sources were observed in the diagnostic ratios of the previous section, with winter having relatively dominant coal and biomass combustion sources. The back trajectory and local wind direction results of Factor 1 of the PCA analysis, identified as a mix of coal and biomass combustion and vehicular emissions, support PAHs derived from these sources which likely originated from outside of Seoul, especially the northwest region of China. The summer diagnostics ratio and Factor 2 of the PCA analysis from the previous section indicates a dominance of vehicular emissions, and the back trajectory and local wind direction show the locality of PAH source of summer.
Since some of the PAH compounds are carcinogen, it is important to estimate the health effect from these compounds to the people in Seoul, Korea due to the high population concentrations in this region. There are two types of methods to estimate health effects due to PAH compounds-one is the toxicity equivalency factor (TEF) [51] and the other is the mutagenic equivalency factor (MEF) [52] . The reference compound is BaP, which is known to be the most harmful PAH compound. The TEF reflects for relative potency of individual PAH compounds to BaP, while the MEF assesses mutagenicity of individual PAH compounds relative to BaP, representing the potential risks for non-cancerous adverse health effects. BaP-TEQ and BaP-MEQ were calculated by multiplying the concentrations of each compound with its TEF and MEF values, respectively, as shown below.
( Since South Korea has not specified a PAH ambient air standard, this study applied the Chinese National Ambient Air Quality Standard (GB 3095-2012) [4] annual standard 1 ng m −3 . The number of sampling days in 2002 that exceeded this standard was 20 times in winter, 7 in spring, 2 in summer, but none in fall, while in 2018, only 5 days did not meet in winter and for the whole sampling period. The application of WHO's stricter standard 1 ng m −3 [53] added the days that exceeded the standard, as shown in Table 9 . However, in 2018, all seasons except winter met the WHO standard.
This result revealed that recent BaP-TEQ in PM 2.5 in Seoul, Korea satisfied both Chinese NAAQS and WHO's strict standard except winter. However, still, the toxicity of PM 2.5 can be increased due to high concentrations of PAHs in PM2.5 during winter. In order to minimize the toxicity (i.e., cancer risk) by PAHs in PM2.5, continuous monitoring of PAHs in PM 2.5 with establishment of air quality standard is required (Table 9 ).
Summary and Conclusions
In this study, we found that recent PAH concentrations in PM 2.5 in Seoul, Korea were affected by the combination of solid fuel (coal + biomass) combustion and vehicular emissions in the winter season by the diagnostics ratio and PCA result. The n-alkane index supports these results. The back trajectory traces the sources back to the far northwest of the Korean peninsula. While, in summer, vehicle emissions were dominant and cluster analysis indicates that this is mainly due to the local emission effect.
Comparison of 2002 PAH data, recent PAH concentrations in PM 2.5 (measured in 2018) showed a drastic decrease in both toxicity and mutagenicity. In 2018, BaP-TEQ exceeded the Chinese NAAQS and WHO standard only in winter, a season most affected by the mixture of coal and biomass combustion and vehicular emissions and air parcels traveling from the Northwest region of Korea. Therefore, the control of PM2.5 toxicity in Seoul needs to focus on the regulation of PAH emission sources in the winter season. 
